[1] The use of seismic imaging techniques is widespread. Numerous three-dimensional (3-D) tomographic models have been presented over the last 30 years and subsequently analyzed by a wider community of seismologists, geodynamicists, mineral physicists, and geochemists. However, platform-independent, open source, user-friendly software for interactive exploration of tomographic models does not exist. Here, we present a package for interactive visualization, analysis, and presentation of tomographic models. Using a set of four Matlab programs, multiscale tomographic models can be explored in Cartesian or spherical coordinate systems; data subsets can be extracted and combined; publication-quality figures can be produced; and Virtual Reality Modeling Language (VRML) models can be produced for 3-D visualization and publication on the World Wide Web. This type of freely available software package will encourage the distribution of tomographic models in a standardized form for independent peer review by the research community.
Introduction
[2] Over the past 20 years the use of tomographic imaging has become widespread, from the meterscale lengths of cross-borehole tomography used in the exploration industry [Nolet, 1987; Bregman et al., 1989; Lines and LaFehr, 1989; Lo and Inderwiesen, 1994 ] to planetary-scale three-dimensional (3-D) whole-Earth tomography. For summaries of tomographic imaging using body waves, surface waves, and normal modes from local to global distance scales the reader is referred to summaries by Romanowicz [1991] , Iyer and Hirahara [1993] , Nolet et al. [1994] , [3] The dramatic growth in both quality and quantity of seismic data; together with improvements in tomographic techniques and computing power have led to a large number of tomographic studies. In each case the result is a 3-D laterally varying model of shear or compressional seismic wave speed variation within a finite volume, although other quantities have also been solved for, e.g., attenuation, bulk sound, and shear modulus [e.g., Su and Dziewonski, 1997; Kennett et al., 1998; Roth et al., 1999; Gorbatov and Kennett, 2003] . As any practitioner knows, the display of such a high volume of information can be problematic. Usually, 2-D contour slices through 3-D velocity volumes are preferred, but these can provide only limited information about the full 3-D volume of the model. Often the choice of the particular position of a 2-D slice can have a significant effect on the information conveyed, e.g., in positioning the 2-D slice to best show the shape of a dipping subduction zone (see Kennett [2003, chap. 32] for an example). More subtle choices in the display regime can also influence the apparent information retrieved, such as the type of shading or color scale, and even the nature of the contour algorithm used. For example, the combination of the color scheme and reference model used to display a tomographic image can unduly emphasize particular features, e.g., the apparent cross over between fast and slow wave speeds, or the anomalous peaks. As many practitioners are only too aware characteristics of tomographic models highlighted by a particular choice of display scheme are not necessarily those which are well constrained by the data.
[4] Many of these problems would be overcome if independent observers could interactively examine 3-D tomographic models, and associated resolution estimates, for themselves, rather than rely on a predetermined set of slices or views. With the advent of the World Wide Web, authors have begun to distribute their results more widely, but a centralized independent archive of tomographic earth models, with a common framework for distribution, data formats, and visualization software, is still lacking (although the Reference earth model project (for the Reference Earth Model (REM) project, see Gabi Laske's Web site: http://mahi.ucsd.edu/Gabi/ rem.html) is a useful first step in this direction). The purpose of this technical brief is to describe some software that may aid in this effort, by providing a freely available platform-independent visualization and data analysis tool for local, regional, and global 3-D tomographic seismic models.
Manipulation and Interrogation of Tomographic Models
[5] Over the past 15 years many tomographers have developed their own specific software packages for presentation of 3-D earth models, usually in the form of 2-D cuts or slices through 3-D scalar fields [e.g., Bijwaard et al., 1998 ]. More recently, they have taken advantage of increasing levels of sophistication in visualization by utilizing standardized formats for interactive viewing and animation [e.g., Sambridge and Faletič, 2003; Rawlinson and Sambridge, 2003] . The Generic Mapping Tools package [Wessel and Smith, 1991] is widely used in the geosciences for preparation of high-quality manuscript figures and is often employed for display of tomographic results; however, it was not designed for interactive analysis and visualization. The Geotouch program of Lees [2000] is capable of interactive data analysis of regional tomographic models but to our knowledge only GlobeSlicer of Braun [1996] can be considered as a fully interactive tool for global-scale tomography visualization (see Kennett et al. [1998] for examples). Both of these software packages were developed for the Unix platform only.
[6] To our knowledge there is no open source, platform-independent, ''user-friendly'' software for interactive manipulation and visualization of tomographic models. In this technical brief we discuss the main features of a program called Tomoeye, which is designed to fill this role. Although here we focus on seismic models, the software can, of course, be used for analysis of any three-dimensional scalar field, e.g., seismic resolution estimates or other physical quantities. Tomoeye was designed to meet two principal objectives: the first was to allow interactive data manipulation and visualization without the need for long and complicated command scripts; the second was to produce a complete tool, i.e., one which would allow sophisticated 2-D and 3-D visualization, data editing, and subset extraction, as well as production of publication-quality figures, with output formats appropriate for third-party interrogation via the World Wide Web.
[7] Tomoeye is implemented using the Matlab language of MathWorks Inc., due to its cross-platform portability. This decision was made on the basis of the fact that Matlab is the most popular tool in universities and other research institutions. A Matlab package can be executed on a personal computer, Macintosh, or Unix platform with the same facilities for data analysis, visualization, and figure editing. Since we are targeting three-dimensional Earth structures, the input data is the entire threedimensional matrix or seismic velocity, slowness, or perturbations about a reference model. There is no need to split the data into layers or any other data subsets beforehand. The Tomoeye package consists of four independent programs: Explore, Extract, Slides, and Iso. The Explore tool can be used to visualize multiscale tomographic models in Cartesian coordinates along with seismicity, topography, or volcano location. Interactive cross-section and marker definition is also possible. The Extract utility performs interactive interrogation of tomographic models in spherical coordinates. Extraction of the model corresponding to a particular zone of interest, or a combination of several tomographic models, is also possible with this tool. Slides is the program that takes the output of the Explore tool and produces publication-quality figures. Finally, the Iso program calculates isosurfaces of slowness or velocity perturbations and displays them as threedimensional objects that may be combined with topography or seismicity information. It also allows transformation of these quantities into a form suitable for interactive virtual reality presentations.
Explore
[8] The Explore program is designed to interactively analyze three-dimensional scalar fields. Several data sets can be loaded and analyzed simultaneously. The physical memory of a computer is the only limit to the number of data sets that can be considered simultaneously, as all are retained in computer memory. Using a pointing device, such as a mouse, the user can define cross sections on a surface map and see corresponding images for several tomographic models simultaneously. This feature is particularly helpful for simultaneous data and resolution analysis. Interactive navigation through the cross sections, redefinition or adjustment, and visualization layer by layer are all possible. This type of interactive visualization of cross sections helps the user to correlate features at depth with surface observables, through placement of markers and symbols, etc. All accumulated cross-section information can be stored into a file on the disk for later downloading and further visualization. Figure 1 shows a typical session using the Explore program to examine cross sections through the Shear wave model of Gorbatov and Kennett [2003] .
Extract
[9] The Extract program visualizes tomographic images on a global scale using the Earth sphere as a reference. Regional or local models can be combined together with the global data sets where the last model overwrites previously downloaded model in the regions where they overlap. In this way, comparison of tomographic models derived from different data sets and over different distance scales is straightforward. Selected subregions of a combined model can be extracted and saved to disk for subsequent analysis or visualization by other programs. In this case the resulting model will be reinterpolated to the size of the smallest cell in the combined model.
[10] For models in spherical geometry, visualization can be performed layer by layer from the surface downward and also through great circle cross sections. Three types of cross sections are possible: longitudinal, latitudinal, and angular. Figure 2 shows an example of a great circle cross section through the global P wave model of Gorbatov et al. [2001] . The frame of reference can be interactively rotated and scaled in order to find best view for presentation. Preferred cross 2003GC000653 sections can be stored to the cross-section configuration file for further plotting or analysis.
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Slides
[11] The Slides program is designed to produce publication-quality figures. Even though an argument for an open source analysis tool such as Tomoeye is to empower the observers to interrogate models for themselves, authors still need to produce ''manipulated'' images of their models, perhaps drawing attention to particular features or properties. Therefore interactive editing of the model slices or views is required, and this is possible with the Slides tool.
[12] Multiple cross sections or model layers produced by the Explore tool can be visualized simultaneously. Figure 3 shows an example combining planforms and cross sections of the shear wave model of Gorbatov and Kennett [2003] . A total of 18 geographical projections are available for each layer visualization. A novel feature of the Slides tool is the ability to filter the values of the velocity field to be visualized or average them within a user-defined volume. For example, it may be of interest in a subduction zone image to show only positive velocity perturbations about a reference model. This can be achieved by excluding (or masking) the remaining field values. Slides allows the exclusion of any specified range of velocity perturbations, which is achieved by simply editing a configuration file. Figure 4 presents an example of the averaging feature for a tomographic model along the Java-Sumatra subduction zone.
[13] The Slides tool has an automatic composition feature that arranges all objects on the window equally spaced. In addition, the figure-editing functions allow subsequent manual adjustment and fine-tuning of each component figure. Slides can export final figures into bitmap, Postscript, and other major graphics formats. As most tomographers know, a practical difficulty with two-tone color contour diagrams of tomographic figures (like Figure 4) is that they can be notoriously difficult to translate into an adequate gray scale representation for publication. A straight substitution from color to gray tone usually fails to clearly distinguish between positive and negative perturbations in the velocity model. These problems can be overcome by replacing either the positive or the negative half of the scale with a series of patterned gray tones. (For many examples of this technique, see Kennett [2003] .) A feature of the Tomoeye package is that it can transform a color contour postscript image to an image containing gray and patterned gray tones automatically using the Dither tool. An example is given in Figure 5 , which is the pattern-gray conversion of Figure 4 .
Iso
[14] The Iso program plots isosurfaces, which are three-dimensional (usually curved) surfaces passing through spatial coordinates of the model that have equal (constant) velocity values. Each isosurface body can have its own color, and its threedimensional character is conveyed by suitable illumination and shading effects. Isosurfaces are often used to display characteristics of 3-D convection simulations. For seismic problems it can be useful to be able to plot seismicity, seismic station, and topography in conjunction with an isosurface Figure 6 shows an example of a 3-D P wave velocity model beneath Krakatao [Widiyantoro, 2003] .
[15] Another practical difficulty with isosurfaces of tomographic models is that smoothing of the velocity field is often needed before contouring. This is because tomographic models, especially those using high-resolution cellular parameterizations, usually contain small-scale structure and noise, which can obscure larger-scale features when represented as a geometrical object like an isosurface. This is unfortunate because, of course, smoothing distorts the actual velocity model being examined. Nevertheless, some type of spatial smoothing is often unavoidable, and a convenient feature of the Iso tool is that it may be performed interactively, allowing the user to see its effect in real time.
[16] The use of VRML for presentation of tomographic results is not yet widespread. However, it 
Input Data and Configuration Files
[17] Tomoeye uses ASCII files of real valued threedimensional matrices for model representation. Models must be equally spaced in the lateral direction, but the depth of the layer may vary. This is a common format for 3-D tomographic models. Bi-linear interpolation is used between nodes to create a continuous field for visualization. This format is not optimal for spherical parameterizations but just as convenient in practice. The ability to handle the model files with other formats will be expanded in the future as users provide us with theirs. We would happily accept links or format converters provided by users to allow Tomoeye to visualize different kinds of data.
[18] Default color tables are supplied with the package, and users can input their own. An exception is the Iso program, where only predefined colors can be used, which can then be edited with an interactive color palette tool. Topography and seismicity databases are also included with the distribution and are activated by default. The topography database is ETOPO5 [National Oceanic Figure 5 . A repeat of Figure 4 , using the gray scale patterned facility. This feature allows one to distinguish between positive and negative anomalies in publication-quality hard copy without the need for color. Cross section through the combined bulk sound and shear wave tomographic model of the Java-Sumatra subduction zone [Gorbatov and Kennett, 2003] . Only high-velocity zones associated with the subducted slab are selected, averaged within their volume, and values of the bulk-sound model are extracted from the shear wave tomographic model. These operations are realized within the Slides program. The inverted red triangle is placed between the Java and Sumatra islands. Solid circles represent earthquake locations.
and Atmospheric Administration, 1988] and the seismicity is from Engdahl et al. [1998] . Additionally, customized topography or seismicity data can be loaded. Files of the seismic stations have ASCII longitude-latitude representation and must be provided by user.
[19] The Explore and Extract programs create ASCII configuration files during sessions that include location of the cross sections, markers, and comments. These files can be read back in by the same programs to recall previous sessions and are used by the Slides program for figure preparation. Configuration files can also be changed or created manually using a text editor (as described in the documentation). [20] Tomoeye is an open source Matlab program, where the chief objective is to move from data to interactive exploration of tomographic models as quickly as possible. Although configuration files are used, nearly all features of the four program tools can be accessed via a mouse-driven graphical user interface (GUI). The only exception is the modelfiltering capabilities of the Slides program, i.e., in model masking or averaging, which are accessed via editing of the corresponding configuration file.
Discussion
[21] The efficiency of the internal visualization engine is a key component for interactive use. The overall speed of execution depends strongly on the size of the input tomographic model. As an example, for a 2.0 GHz Pentium PC, use of the Explore or Extract programs on a model containing 307800 velocity values (i.e., 180 Â 90 Â 19) resulted in maximum wait times of less than 4 s. Performance can be increased when the global hypocenter and topography databases are not used for visualization, or replaced with a smaller local version. This is particularly true for hypocenters.
The main limitation of Tomoeye is its dependence on the commercial Matlab engine; however, this is Figure 6 . Three-dimensional representation of the low-velocity structures below Krakatao volcano as a red body.
Isosurfaces are drawn at À2% of perturbations relative to the ak135 Earth model [Kennett et al., 1995] . Purple spheres represent hypocenters associated with subduction of the Australian plate [from Engdahl et al., 1998 ]. This image is available for download at the Tomoeye homepage and interactively examined using a VRML viewer. The P wave velocity model is from Widiyantoro [2003] . widely used in research institutions. We view Tomoeye as only one component of an evolving suite of software tools that could be placed on a central archive of tomographic models. More specifically, we hope that it will assist the interactive analysis of tomographic models in all their forms and thereby help the progression of the field of seismic imaging.
